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This Letter describes a direct search for charged Higgs boson production in pp collisions at 
^/s = 1.8 TeV recorded by the Collider Detector at Fermilab. Two-Higgs-doublet extensions to 
the standard model predict the existence of charged Higgs bosons {H^). In such models, the 
branching fraction for top quarks B{t — > H'^b r'^vb) can be large. This search uses the hadronic 
decays of the tau lepton in this channel to significantly extend previous limits on production. 
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Many extensions to the standard model (SM) , including a 
large class of supersymmetric models, have an expanded 
Higgs sector containing two Higgs doublets where one 
doublet couples to the up- type quarks and neutrinos, and 
the other couples to the down-type quarks and charged 
leptons 1^]. In these theories, electroweak symmetry 
breaking produces five Higgs bosons, three of which are 
neutral and two of which are charged. 

Recent searches for charged Higgs bosons {H"^) in- 
clude analyses from pp collisions at the SppS ^ and 
the Tevatron from e+e" colhsions at CESR |] 

and at LEP Q, and from world averages of the tau lep- 
ton branching ratios. An indirect limit from these aver- 
ages excludes at 90% confidence level (C.L.) any charged 
Higgs with Mh± < 1.5 tan/3 GeV/c^ where tan/3 is 
the ratio of the vacuum expectation values of the two 
Higgs doublets. 

Based on a measurement of the inclusive 6 — + 57 cross 
section, CLEO indirectly excludes at 95% C.L. charged 
Higgs bosons with Mh± < 244 GeV/c^ for tan/3 > 50, 
assuming only a two-Higgs-doublet extension to the stan- 
dard model 1^. Models with a richer particle structure, 
such as supersymmetry, can evade this limit with com- 
pensating destructive interference from particles other 
than the W and @. 

Based on direct searches for charged Higgs pair pro- 
duction, the LEP experiments exclude at 95% C.L. any 
charged Higgs with a mass lower than 44.1 GeV/c^ 

The Colhder Detector at Fermilab (CDF) and D0 
have recently established the existence of the top quark 
via its semileptonic decays |P,[lO| using pp collisions at 
y/s = 1.8 TeV. In the analysis presented here, we search 
for tt events in which the top quarks decay into charged 
Higgs bosons. By using a data sample which is five times 
larger, improved tau lepton identification, and 6-quark 
tagging, this analysis significantly extends the charged 
Higgs limits from a similar, previous CDF search 

CDF is a magnetic spectrometer containing tracking 
detectors, calorimeters, and muon chambers jl^. The 
tracking detectors lie inside a 1.4 T solenoidal magnetic 
field. The central tracking chamber (CTC) measures 
the momenta of charged particles over a pseudorapidity 
range I77I < 1.1 where rj = — lntan(6'/2) jl^. A sili- 
con vertex detector, positioned immediately outside the 
beampipe and inside the CTC, provides precise charged 
particle reconstruction and allows identification of sec- 
ondary vertices from 6-quark decays |p^ . Electromag- 
netic and hadronic calorimeters, arranged in a projective 
tower geometry, surround the tracking volume and are 
used to identify jets, localized clusters of energy, over 
the range \r]\ < 4.2. The presence of neutrinos can be 
deduced from the missing transverse energy 0] • 

This analysis relies on data collected with the trig- 
ger which nominally requires > 35 GeV but is only 
fully efficient for ^ 80 GeV. These data, collected 
from 1992 to 1995, represent an integrated luminosity of 



100±8 pb-^ 

The ratio tan /3 determines the dominant decay modes 
for the and top quark. We consider only the region 
tan /3 ^ 5 for which decays to tv exclusively. For 
tan/3 > 100, both top quarks decay via t — > Hb, produc- 
ing distinctive events with two tau leptons, two 6-quarks, 
and large ^t- For intermediate tan /3, one or both of the 
top quarks can decay via t — > Wb, producing events with 
lower and fewer tau leptons. To separate events 
from background, events in our final sample must have 
one of the two following final states. 

In the first final state ("rjjX"), events contain one 
hadronically-decaying tau lepton, two jets, and one or 
more additional objects. The other object(s) can be ei- 
ther another lepton (electron, muon, or tau) or jet. At 
least one of the jets must have associated charged parti- 
cles that form a displaced vertex indicative of a 6-quark 
decay. 

The second final state ( "di-tau" ) preserves acceptance 
in the region where the charged Higgs mass approaches 
the top quark mass. In this case, the 6-jet energies 
fall below the jet Et requirement, causing events to 
fail the rjjX requirements. In the di-tau final state, 
events contain two energetic, hadronically-decaying tau 
leptons that are not opposite in azimuth (Ac/jt-t < 160°). 
To avoid double counting, this category excludes events 
passing the rjjX requirements. 

The electron and muon identification cuts are those 
used for the top quark search |l^. Identified electrons 
(muons) must have a minimum (px ■ c) of 10 GeV. 

An iterative algorithm which uses a fixed cone size of 
AR = -y/ (A(/))2 + (Ary)^ = 0.4 finds jets in the calorime- 
ter ijl^. Those jets that contain charged particles that 
form a displaced secondary vertex are categorized as 
6-jets. Jets identified for this analysis have a minimum 
uncorrected Et of 10 GeV. 

Tau lepton identification begins with a jet. The tau 
lepton candidate must have one or three charged parti- 
cles in a 10° cone about the jet axis and no additional 
charged particles in a cone of 30° . For counting the num- 
ber of associated charged particles, only those with a ver- 
tex within 5 cm of the tau vertex and px > 1 GeV /c are 
used. In addition, the tau lepton candidate's tracks must 
have the correct total charge Q = ±le and its mass Mr, 
determined from tracks and electromagnetic calorimeter 
energy deposits, must be consistent with that of a tau 
lepton {Mr < 1.8 GeV/c^). The Et of the calorimeter 
cluster associated with the tau lepton candidate must 
exceed 10 GeV; the largest pt of an associated charged 
particle must exceed 10 GeV/c. The identification algo- 
rithm requires \rir\ < 1 to maintain good efficiency for 
tracking charged particles. Tau lepton identification effi- 
ciency is lower than that for electrons or muons, and the 
fake rate from jets is significant. 

In the rjjX final state, one tau lepton must have Et > 
20 GeV; any other tau leptons must have Et > 10 GeV. 
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TABLE I. Expected Background and Observed Events 









di-tau 


total 




fake taus 


5.1 ± 


1.3 


0.30± 0.19 


5.4 ± 


1.5 


W+ jet(s) 






1.3 ± 1.3 


1.3 ± 


1.3 


Z + jet(s) 






0.6 ± 0.3 


0.6 ± 


0.3 


ww,wz,zz 


0.04± 


0.04 


0.04± 0.04 


0.08± 


0.06 


expected 


5.1 ± 


1.3 


2.2 ± 1.3 


7.4 ± 


2.0 


observed 


7 
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For the otherwise less stringent di-tau requirements, we 
raise the Et requirement to 30 GeV for both tau leptons. 

Both final states require > 30 GeV. For events 
in which a jet is mismeasured, the typically points 
toward a jet. To remove much of this background, we re- 
quire that events satisfy A(j>/deg -f^r/GeV > 60 where 
A</) is the minimum angle in azimuth between an iden- 
tified object in the event and the As events with 
larger have lower background, this cut becomes less 
severe as increases. 

To reduce contamination from Z boson production, we 
remove any event that contains a i-J.^ or e^e^ pair with 
an invariant mass between 75 and 105 GeV/c^. 

This set of analysis cuts selects 7 events. All pass the 
rjjX requirements; none passes the di-tau requirements. 
One event has a tau lepton, an electron, and two jets; 
the others have a tau lepton and three or more jets. As 
required, all 7 contain a 6-tagged jet. 

Data samples and Monte Carlo simulations provide the 
estimate of the number of expected background events. 
The expected number of events containing jets which im- 
itate tau leptons is determined from data. Monte Carlo 
simulations of W and Z plus jet production and diboson 
{WW, WZ, and ZZ) production are used to determine 
the largest contributions from processes which produce 
tau leptons. 

Events from QCD and electroweak processes in which 
a jet mimics a tau lepton dominate the expected back- 
ground. Unbiased samples of jets allow measurement of 
the rate (parameterized as a function of jet Et) at which 
jets imitate a tau lepton. We replace the normal tau 
lepton identification cuts with a function that encodes 
this fake rate and apply it event-by-event to the data 
sample. This produces a background estimate, 5.4 ± 1.5, 
which is absolutely normalized and includes any process 
contributing to the fake background. In addition to the 
statistical uncertainty, the quoted uncertainty includes a 
25% systematic uncertainty on the measured fake rate. 
This uncertainty is estimated from differences in the mea- 
sured fake rates from the various unbiased jet samples. 

W and Z plus jets events are generated with the VEC- 
BOS Monte Carlo program |lj] with an underlying event 
added by herwig @. This simulation uses the (p^) 
of the jets for the QCD renormalization and factoriza- 




N(10°) 



FIG. 1. The charged particle multiplicity (in a 10° cone) 
of tau candidates (A''(10°)) in the data sample using cuts 
that enhance W tu + 3 or more jets events. 



tion scales, a minimum pT of 8 GeV/c for jets, and the 
CTEQSm structure functions [|9j. Measured cross sec- 
tions for W + jet(s) and Z + jet(s) production provide 
the normalization of these Monte Carlo samples [ pO[ . 
Overall, 1.9 ± 1.3 background events of this type are ex- 
pected [|ll. 

Diboson production contributes only 0.08±0.06 events 
to the background expectation. This contribution is de- 
termined from an isajet 7.06 Monte Carlo which 
includes tree-level processes for WW, WZ, and ZZ pro- 
duction. Table | shows the number of background events 
from all sources. 

To check the background estimation, we compare the 
number of observed events without the 6-tagging require- 
ment (119) to the total number expected from the various 
backgrounds (102 ± 21). Moreover, we compare various 
kinematic distributions (tau Et, ^t, etc.) both with and 
without 6-tagging to the prediction from the sum of the 
backgrounds; the agreement is excellent. 

To verify that the tau lepton identification algorithm 
works as expected in events with final states as com- 
plex as those from charged Higgs events, a tau signal 
from W ^ Tiy + 3 or more jets is selected from the ^t 
data sample. The cuts for doing this differ slightly from 
those used for the search. Removing the 6-tagging re- 
quirement enhances the acceptance, while tightening the 
^T requirement to 40 GeV and A(p/deg + :^t /GeV > 75 
reduces the background in this channel. Figure ^ shows 
the charged particle multiplicity of tau lepton candidates. 
(The charge and charged particle multiplicity require- 
ments for the tau lepton are not applied.) The tau signal 
agrees well with the expectation from W production once 
backgrounds are taken into account. 

Based on an isajet Monte Carlo simulation, this anal- 
ysis would typically retain 2% of the events in which 
both top quarks decay into . Figure |^ shows the ex- 
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FIG. 2. Expected number of charged Higgs events for 
Mtop = 175 GeV/c^ Mjj± = 100 GeV/c^ and au = 5 pb 
(dashed) or 7.5 pb (solid). Models which predict 8.9 or more 
expected events are excluded at 95% C.L. (dotted). 



pected number of signal events as a function of tan /? for 
Mtop = 175 GeV/c2 and M^± = 100 GeV/c^. To il- 
lustrate the sensitivity to the assumed top cross section 
tjjf, the figure shows curves for both the theoretical value 
(5 pb) and another value (7.5 pb) chosen to be 50% 
above the theoretical expectation. If the two Higgs dou- 
blet model is correct, then any measurement of att that 
assumes the SM decay t — > Wb is an underestimate of the 
true ati- The expected contribution to the signal when 
both top quarks decay via the SM mode is 1.35 ± 0.12 
events using o-jf = 5.0 pb. 

The uncertainty in the fake rate measurement (25%) 
dominates the systematic uncertainty. Varying parame- 
ters of the Monte Carlo simulations provides estimates 
of the systematic uncertainties from the trigger ef- 
ficiency (10%), from inaccurate modeling of gluon radi- 
ation (10%), and from the overall energy calibration of 
the calorimeter (10%). The uncertainties from tau iden- 
tification efficiency (10%) and 6-tagging efficiency (10%) 
are determined by comparing Monte Carlo simulations to 
various data samples. The total systematic error also in- 
cludes contributions from the integrated luminosity (8%) 
and limited Monte Carlo statistics at the limit boundary 
(8%). Adding these contributions in quadrature gives a 
total systematic uncertainty of 35%. 

Using both final states, 7 events are observed and the 
expected background is 7.4 ± 2.0 events. This analysis 
excludes at the 95% C.L. any point where the expected 
number of signal events is 8.9 or larger. The limit cal- 
culation includes the relative systematic uncertainties on 
the background and signal 

Figure |3| shows the region excluded by this analysis. 
For large tan/3, this analysis excludes charged Higgs 
bosons with Mh± < 147 (158) GeV/c^ for a top quark 
mass of 175 GeV/c^ and = 5.0 (7.5) pb. 

The top quark discovery provides additional infor- 
mation which can further restrict production. To 
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FIG. 3. Charged Higgs exclusion region for Altop ~ 175 
GeV/c\ 



maintain consistency with the observed top cross section 
(7q = 6.8l2^4 pb ||], att must increase at higher tan/3 
to compensate for the lower branching fraction into the 
SM mode B{tt WbWb). Figure | shows the region 
excluded using this additional information. 
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